Filtering is one of the core post-processing steps of airborne LiDAR point cloud data. It is difficult for traditional mathematical morphology filtering algorithms to preserve sudden terrain features, especially when using larger filtering windows. In this paper, an improved progressive mathematical morphology filtering algorithm is proposed to solve the problem which is difficult to filter out a large area of non-ground points effectively and causes omission filtering on prominent topographic features. First the elevation information of point cloud data is meshed, and then the opening operation (erosion and dilation) is performed. By improving the mathematical formula of window size, the window size and the corresponding elevation difference threshold are iterated continuously. Within each corresponding filtering window, objects that are larger than the size of the structural element window are retained, and objects smaller than the size of the structural element window are filtered. Fourteen samples provided by ISPRS committee were selected to test the performance of the proposed method. Experimental results show that the improved method can effectively filter out most of the non-ground points, and this method can achieve great results not only in urban flat areas, but also in the mountains. Compared with the traditional filtering methods, the filter performance of the new method proposed in this paper has been greatly improved. The method in this paper obtains the lower errors and retains the complex topographic features.
INTRODUCTION
LIDAR (Light Detection and Ranging) filtering is a challenging task, especially for area with high relief or hybrid geographic features (Wan et al., 2018) . Over the past few years, many researchers have made a number of related researches.
Reference (Kraus et al.,1998) utilized linear least squares interpolation iteratively to remove trees in urban areas. The iterative linear interpolation method removes a low-order polynomial trend surface from the original elevation data to generate a set of reduced elevation values. However, the iterative linear interpolation is not guaranteed to converge in urban areas where significant anthropogenic modification of natural terrain occurs. Reference (Vosselman, 2000) proposed a slope-based filter that identifies ground data by comparing slopes between a LIDAR point and its neighbors. However, the training datasets have to include all types of ground measurements in a study area to achieve good results. Both omission and commission errors were large when this method was applied to vegetated mountain areas with a considerable slope variation. Reference (Axelsson, 2000) suggested adaptive TIN models to find ground points in urban areas. The problem with the adaptive TIN method is that different thresholds are required to be given for various land cover types, and building TIN is a process that largely increases computation load for the magnitude of LIDAR data. Reference (Zhang et al., 2003) develops a progressive morphological filter. The laser points are firstly interpolated to generate a regular grid. Then morphological opening operation is performed iteratively to remove object points by gradually increasing the filter window size and the elevation difference thresholds. If the LIDAR data is of huge size, a very heavy workload of computation is a must.
Nevertheless, it is difficult to effectively filter non-ground points using the mathematical morphological filtering algorithm.
By improving the size of the filtering window, an improved progressive mathematical morphology filtering algorithm is proposed to filter out larger area of object points and reduce the leakage phenomenon. The proposed algorithm is validated by the public test data published by ISPRS, and the effectiveness of the proposed improved method is verified, compared with the filtering performance of other algorithms.
MORPHOLOGY FILTERING

The Principle of Mathematical Morphological
Mathematical morphology composes operations based on set theory to extract features from an image (Haralick et al., 1987) .
The concept of erosion and dilation has been extended to gray scale images and corresponds to finding the minimum or maximum of the combinations of pixel values and the kernel function, respectively, within a specified neighborhood of each raster (Sun and Gu, 2016) .
These concepts can also serve as extended to the analysis of a continuous surface such as a digital surface model as measured by LIDAR data (Li et al., 2013) . If LiDAR points are considered as a regular gray scale grid image, then the shapes of buildings, cars, and trees can be identified by the change of gray.
Therefore, erosion operation and dilation operation are defined as respectively in the grid DSM generated by the height information of LiDAR point cloud data:
where Z is grid DSM; is structural element, ⨂ is erosion operation, ⨁ is dilation operation, , and
, are grid elevation values with index , in DSM of grid after erosion operation and dilation operation, and is window size corresponding to structural elements. Combined erosion and dilation operation to form opening operation:
For grid DSM, erosion operation is performed first, and then dilation operation is carried out. Objects larger than the window size of the structural elements can be retained while objects smaller than the window size of the structural elements can be removed. It has been extensively used in the field of LiDAR data filtering (Luo et al., 2009 ).
Progressive Mathematical Morphology
The selection of a filtering window size and the distribution of the building and trees in a specific area are critical for the success of this method. In an ideal situation, if a suitable window size is selected, all the object points can be separated
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-3/W10, 2020 International Conference on Geomatics in the Big Data Era (ICGBD), 15-17 November 2019, Guilin, Guangxi, China by only one opening operation to obtain a digital elevation model (DEM). If a small window size is used in this method, only small objects (such as cars and trees) can be filtered (Kilian et al., 1996) . The points corresponding to the tops of large-sized building complexes that often exist in urban areas cannot be filtered. On the other hand, the filter tends to over-remove the ground points with a large window size.
However, it is quite difficult to filter with only a constant window size for different sizes of the various objects. Reference (Zhang et al., 2003) The size of the window is one of the most important steps in filtering non-ground points (Mongus and Žalik, 2012) . The size of the window can be determined linearly or exponentially:
where = 1, 2, 3, ..., M; is the initial window size.
where = 1, 2, 3, ..., M; is the cardinality of the exponential function.
To ensure that all ground objects are effectively filtered, the maximum area of the ground objects must be smaller than the window size of the last iteration. In order to retain the details of the geographic features in the filtering, s the elevation threshold of each iteration is set as:
represents the window size of the kth filter;
is the grid spacing of the DSM; ℎ 0 and ℎ are the initial and maximum height difference thresholds respectively; is the terrain slope parameter. It can be seen from the equation that as the filter window increases, the height difference threshold increases, and the magnitude of the increase is determined by the slope of the terrain. By judging that the height difference of a certain grid point before and after the opening operation is smaller than the height difference threshold set by the current iteration, it is recognized as a ground point, otherwise it is an object point.
IMPROVED MORPHOLOGY FILTERING ALGORITHM
Improved Window Size
The opening operation is a crucial step in the filtering algorithm of mathematical morphology (Hui et al., 2016) . In view of the traditional mathematical morphology filtering algorithm, because of the small window size, the height difference between the two iterations is relatively small that resulting in some non-ground points being difficult to filter out and missing the ground point existing in the existing window size. In order to balance the algorithm execution efficiency and filtering performance, this paper continuously iterates the window size and the height difference threshold by improving the mathematical formula of the window size. According to the comparison filtering effect, the performance characteristics of the improved algorithm are analyzed. For the determination of the window size of progressive mathematical morphology filtering, this is the core of the algorithm and one of the key points. There are some shortcomings in the method of determining the existing window size. In addition, since the size of the window is measured in millimeters, while the morphological operation is based on pixels. Therefore, the improved linear and exponential growth formulas of window size are given below for improvement and optimization:
= (2 + ℎ 0 ) ×
Where is the window size, is the number of iterations, = 1,2,3,⋯, , is the initial window size, and ℎ 0 is the initial height difference threshold. A small height difference threshold and window increment speed are ensured while the window size changes.
Procedures for the Improving Method
Step 1 Step 2 ： Set parameters. Set the main relevant parameters: maximum window size, window size growth mode, slope coefficient , initial height difference threshold ℎ 0 , maximum height difference threshold ℎ . Set the window growth mode according to the terrain details and the distribution of features in the actual scene, and use the improved window size formula proposed above.
Step 3：Open operation .1) The progressive morphological filter whose major component is an opening operation is applied to the grid in window size × . Enter the initial window size during the first iteration and calculate the height difference threshold of the current iteration. The output of this step includes a) the further smoothed surface from the morphological filter and b) the detected nonground points based on the elevation difference threshold.
2) The size of the improved filter window is increased and the elevation difference threshold is calculated. 1) to 2) are repeated until the size of the filter window is greater than a predefined maximum value. This value is usually set to be slightly larger than the maximum window size (This maximum is usually set to be slightly larger than the size of the largest building).
Step 4：Generate DEM based on the filtered data set. (Sithole, Vosselman, 2003; Sithole, Vosselman, 2004) , and
EXPERIMENTAL VERIFICATION
Test Data
given the average of the total error of the nine algorithm. The total error of the algorithm in sample11 and sampl53 is 10.31% and 4.72%. The algorithm is 0.45% and 4.19% better than Axelsson's algorithm. The topographic structure of sample42 is obvious and regular. The proposed method can obtain better accuracy, which is 2.09% lower than the average total error. In summary, the algorithm of this paper fully verifies the superiority of the above sample data filtering compared with other traditional algorithms.
CONCLUSION
In the traditional mathematical morphological filtering algorithm, there are often some problems such as over-filtering of ground points and omission of non-ground points. Therefore, based on the principle of mathematical morphology filtering algorithm, an improved progressive mathematical morphology filtering method is proposed in this paper. By improved the mathematical formula of the window size in the mathematical morphology filtering algorithm, the window size and the corresponding elevation difference threshold are continuously iterated, which can effectively solve the problem of insufficient non-ground point filtering in LiDAR point cloud data filtering.
The method is verified using the sample data which ISPRS provide for testing. The experimental results show that the proposed algorithm is robust in most complex scenarios, effectively removing target points while maintaining ground points to a large extent. All the types of error are controlled simultaneously in a relatively small interval and the better filtering performance for most regions are verified. Compared with the traditional filtering algorithm, the proposed method has higher accuracy in different terrains and the average total error is reduced by 8.31%. It shows that the proposed algorithm is versatile and reliable for LiDAR point cloud.
